Introduction: Use of postoperative radiotherapy (PORT) in nonsmall-cell lung cancer remains controversial. Limited data indicate that PORT may benefit patients with involved N2 nodes. This study evaluates this hypothesis in a large retrospective cohort treated with chemotherapy and contemporary radiation techniques. Methods: The National Cancer Data Base was queried for patients diagnosed 2004-2006 with resected non-small-cell lung cancer and pathologically involved N2 (pN2) nodes also treated with chemotherapy. Multivariable Cox proportional hazards model was used to assess factors associated with overall survival (OS). Inverse probability of treatment weighting (IPTW) using the propensity score was used to reduce selection bias. OS was compared between patients treated with versus without PORT using the adjusted Kaplan-Meier estimator and weighted log-rank test based on IPTW. Results: Two thousand and one hundred and fifteen patients were eligible for analysis. 918 (43.4%) received PORT, 1197 (56.6%) did not. PORT was associated with better OS (median survival time 42 months with PORT versus 38 months without, p = 0.048). This effect was significant in multivariable and IPTW Cox models (hazard ratio: 0.87, 95% confidence interval: 0.78-0.98, p = 0.026, and hazard ratio: 0.89, 95% confidence interval: 0.79-1.00, p = 0.046, respectively). No interaction was seen between the effects of PORT and number of involved lymph nodes (p = 0.615). Conclusions: PORT was associated with better survival for patients with pN2 nodes also treated with chemotherapy. No interaction was seen between benefit of PORT and number of involved nodes. These findings reinforce the benefit of PORT for N2 disease in modern practice using the largest, most recent cohort of chemotherapytreated pN2 patients to date.
T he use of postoperative radiotherapy (PORT) for resected non-small-cell lung cancer (NSCLC) remains controversial. A large meta-analysis of PORT trials demonstrated a survival detriment associated with PORT, 1 although subset analysis indicated that this detriment may not apply to those with N2 disease. Despite criticism of the PORT meta-analysis regarding inclusion of older trials which used outdated radiation equipment and techniques, as well as inclusion of unpublished data, the use of PORT has declined significantly since the publication of the PORT meta-analysis. 2 The detriment in overall survival (OS) seen with PORT was felt to largely be due to excessive late radiation toxicity to normal tissues, particularly the heart and lungs. 3, 4 More recent publications, however, have bolstered the use of PORT, especially in the setting of pN2 disease. A subset analysis of the Adjuvant Navelbine International Trialist Association (ANITA) trial suggested a benefit in OS for patients with N2 disease treated with PORT, regardless of the use of adjuvant chemotherapy. 5 In addition, an analysis using the Surveillance, Epidemiology, and End Results (SEER) database similarly indicated that PORT was associated with improved survival for patients with N2 disease. 6 However, SEER analyses carry significant limitations, including lack of detail regarding radiotherapy (RT) treatment and the absence of chemotherapy information.
This study sought to determine if PORT for pN2 disease improves OS in patients treated with chemotherapy and contemporary radiation techniques. The National Cancer Data Base NSCLC database was utilized for this analysis, which contains detailed radiation therapy information as well as receipt of chemotherapy data. This analysis was limited to patients with pN2 disease who received chemotherapy, as the OS benefit conferred with the addition of chemotherapy for pN2 patients has been well established after publication of multiple randomized trials, [7] [8] [9] [10] and is considered standard of care. In addition, all patients in this analysis were treated on linear accelerators in the 3D conformal RT era.
PATIENTS AND METHODS
The NCDB is a large, prospectively acquired database gathered and maintained by the American College of Surgeons, the Commission on Cancer, and the American Cancer Society. The database draws on information gathered from Commission on Cancer-accredited cancer centers nationwide and currently captures 70% of all newly diagnoses malignancies in the United States. The data set includes detailed information on patient characteristics, disease parameters, treatment information, and outcomes. The treatment information contains data not available in other large national databases, including detailed RT information regarding treatment site, treatment source, radiation dose (Gy), and treatment technique as well as receipt of chemotherapy information. The database is subdivided into primary sites, and an institution may apply for access to the data regarding a particular site. Emory University has been granted access to the NCDB NSCLC database, which contains 1,547,531 patients diagnosed between 1998 and 2011.
The primary goal of this study was to determine if PORT for pathologic stage III NSCLC improves OS in a modern cohort of patients treated with chemotherapy and contemporary RT techniques. A secondary goal of the analysis was to determine if a benefit from PORT may depend on the number of involved N2 nodes. To address these questions, the NCDB NSCLC lung cancer database was queried for patients diagnosed between 2004 and 2006 with pathologic N2 (pN2) nodal disease treated with primary resection. Currently, survival outcomes are not yet available for patients diagnosed after 2006 within the NCDB, thus the inclusion years at diagnosis for this study end at 2006. Inclusion criteria were as follows: non-small-cell histology, pN2, no evidence of metastatic disease, and receipt of chemotherapy, and one lifetime cancer or cases where the reported tumor was the first of multiple diagnoses. Exclusion criteria excluded patients diagnosed at the reporting facility but treated elsewhere; patients treated with cobalt-60 teletherapy, cesium-137, gamma knife, stereotactic radiosurgery, any type of radiation other than beam, patients with radiation doses less than 3500 cGy or greater than 7000 cGy, patients treated with neoadjuvant RT, intraoperative RT, or patients with unknown RT schedules, patients with positive or unknown margin status, patients that received palliative care, and patients with unknown survival information. Patient and disease parameters were examined, including facility type, sex, age, race, insurance status and type, median income in area of residence, education, rurality or urban influence of county, Charlson-Deyo comorbidity score, 11, 12 year of diagnosis, histology, tumor grade, pathologic T stage, treatment with chemotherapy, number of regional lymph nodes (LN) examined, and number of regional LN involved. Although chemotherapy sequence (adjuvant versus neoadjuvant) is not coded in the NCDB, chemotherapy sequence was approximated by determining for each case the number of days between diagnosis and the definitive surgical procedure versus the number of days between diagnosis and the first administration of chemotherapy. Facility type was determined by the Commission on Cancer. Insurance was categorized as none, private, or government, which included Medicare, Medicaid, and other government insurance. Education was defined as the proportion of adults that did not graduate high school in the patient's area of residence. OS was defined as the number of months between the most definitive surgical procedure on the primary site and the last contact or date of death.
Statistical Analysis
Statistical analysis was conducted using SAS Version 9.3 13 . Descriptive statistics for each variable were reported. The univariate association of each covariate with receipt of postoperative RT was assessed using the χ 2 test for categorical covariates and ANOVA for numerical covariates. The univariate association of each covariate with OS was assessed using Cox proportional hazards models and log-rank tests. A multivariable Cox model was fit including postoperative RT and the covariates. A backward variable selection method was used to select the covariates applying an alpha = 0.20 removal criteria. In addition, a model was fit to test for an interaction between postoperative RT and number of positive LN.
To reduce the treatment selection bias, a propensity score weighting method was also implemented. 14 Propensity scores were calculated to model the main effect of treatment. A logistic regression model was used to calculate propensity scores including the covariates that were marginally associated with survival in univariate or multivariable analysis (p < 0.20): sex, insurance, income, education, urban/rural, Charlson-Deyo comorbidity score, histology, grade, pathologic T stage, regional LN positive, regional LN examined, and age. A second set of propensity scores was created to model an interaction between treatment and number of LN positive (less than 3 versus greater than or equal to 3). The four possible combinations of treatment and number of LN positive were used as the outcome in the propensity score model so that covariates would be balanced across all four groups. A nominal logistic regression model was used to calculate propensity scores instead of a binary logistic regression. The number of regional LN examined was not included in the second propensity score model because it was too strongly related to number of LN positive.
Inverse probability of treatment weights (IPTW) were calculated from the propensity scores and represented the inverse probability of a participant receiving the observed treatment based on their characteristics. IPTW estimates were further stabilized by multiplying them by the marginal probability of receiving the treatment observed. For all analysis, the weights were normalized to add up to the original sample size. The effectiveness of the weighting was evaluated by calculating the standardized differences of the covariates between patients treated with and without PORT, weighting by the IPTW in the total sample and within each positive LN group. 15 The treatment effects were recalculated using the IPTW with a Cox model including receipt of PORT; and a Cox model including receipt of PORT, number of LN positive, and their interaction. Adjusted Kaplan-Meier survival curves using IPTW and the weighted log-rank test were generated comparing treatment groups. 16 
RESULTS
In the NSCLC NCDB, 2115 patients diagnosed between 2004 and 2006 were eligible for analysis. Complete patient characteristics are presented in Table 1 . Of the eligible patients, 918 (43.4%) received PORT and 1197 (56.6%) did not. As for the chemotherapy sequencing, 1730 (81.79%) received adjuvant chemotherapy, 192 (9.1%) received neoadjuvant chemotherapy, and the sequence was unknown for 193 (9.1%). Patients were more likely to receive PORT if treated at a Comprehensive Community Cancer Center or other community center (versus academic center, p < 0.001), had private insurance (p < 0.001), lived in an area with median income between $30,000 and $45,999 (versus less than $30,000 or greater than $46,000, p = 0.038), had Charlson-Deyo score of 0 (versus 1 or 2+, p = 0.001), had less than or equal to 3 regional LN examined (p < 0.001), or were younger in age (p < 0.001).
Median OS for patients treated with PORT was significantly longer than for those not treated with PORT on propensity-weighted log-rank analysis (42 months versus 38 months, Fig. 1 ). The 5-year OS rate was 39.8% for those who received PORT versus 34.7% for those who did not receive PORT. The complete results of the univariate and multivariable analysis of OS are found in Tables 2 and 3 , respectively. On univariate analysis of survival, use of PORT was associated with a strong trend toward better survival (hazard ratio [HR]: 0.91, 95% confidence interval [CI]: 0.82-1.01, p = 0.071). On multivariable analysis, PORT was significantly associated with better OS (HR: 0.87, 95% CI: 0.77-0.98, p = 0.021). Other factors associated with better survival on multivariable analysis were younger age (p < 0.001), women sex (p < 0.001), living in a higher income area (p = 0.028), living in an urban/rural versus metro county (p = 0.034), adenocarcinoma histology compared with adenosquamous carcinoma (p = 0.003), lower T stage (p < 0.001), 1-2 involved LN versus greater than or equal to 3 (p < 0.001), and higher number of examined LN (p < 0.001). A summary of the IPTW analyses of OS is found in Table 4 . On IPTW Cox analysis, PORT was significantly associated with better OS (HR: 0.89, 95% CI: 0.79-1.00, p = 0.046). No interaction was seen between the effect of PORT and the number of positive LN (p = 0.615).
DISCUSSION
The role of PORT in resected stage III lung cancer has remained controversial since publication of the PORT meta-analysis in 1998. Although an OS detriment was observed in patients receiving PORT, this study has been criticized due to the use of antiquated RT equipment and techniques. Such outdated factors include use of cobalt-60 equipment, which leads to inhomogeneous dose distribution, along with unsophisticated 2D field design. Taken together, these factors likely increased the volume of normal tissue exposed to high dose radiation. Such technical factors likely substantially worsened the treatment mortality associated with PORT by simultaneously limiting the effectiveness of the therapy and increasing the likelihood of severe radiation pneumonitis. 3 The obsolete nature of the PORT metaanalysis data limits its applicability to modern practice, yet limited data have emerged to determine the potential role for PORT in the setting of involved N2 nodes. 5, 6, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Data justifying the use of PORT in addition to adjuvant chemotherapy are even more limited, with the largest study being the ANITA secondary analysis (224 pN2 patients, 118 received chemotherapy). 5 This study suggests that in this retrospective cohort, PORT was associated with an OS benefit in patients with pN2 disease who received chemotherapy. The addition of PORT was associated with significantly prolonged median survival, from 38 to 42 months. This effect did not seem to be dependent on the number of involved LN. Although a larger series using SEER data indicated that the benefit of PORT may be limited to those with over 50% of resected LN involved with disease, the lack of chemotherapy data in that study limits its relevance to modern practice. 26 The use of the NCDB affords significant advantages over previous studies designed to address the efficacy of PORT for pN2 NSCLC. With a large patient population and comprehensive data including detailed RT information such as radiation dose, treatment site, treatment source and treatment technique coupled with receipt of chemotherapy data, the NCDB allows for an analysis of PORT in patients treated with more modern, up-to-date therapies. By limiting the analysis to those treated with contemporary RT and chemotherapy, this retrospective cohort provides data which suggest that PORT may be beneficial for pN2 patients treated in current practice.
Continuous advancements in RT technology over the past few decades and the resultant improvements in the therapeutic ratio of radiation likely contribute to the emerging benefit of PORT in the era of adjuvant chemotherapy. The advent of three-dimensional (3D) treatment planning, 3D conformal RT, and intensity-modulated radiotherapy have allowed for delivery of more conformal RT for lung cancer with less toxicity to surrounding normal lung and thoracic structures. [29] [30] [31] [32] [33] [34] [35] [36] Implementation into RT practice of on-board imaging, which involves the acquisition of images by the treatment machine to improve setup accuracy, and respiratory motion control during RT delivery have allowed for reduced setup error, which has in turn reduced field margins and the volume of normal tissue irradiated. [37] [38] [39] [40] [41] [42] [43] In the setting of unresectable disease, rates of pneumonitis have continued to decline in the past few decades. The rate of grade 3 pneumonitis in the Radiation Therapy Oncology Group (RTOG) trial 9410, which completed enrollment in 1998, was 11%. 44 A recent study, RTOG 0617, which completed enrollment in 2011, revealed a grade 3 pneumonitis rate of 5%. 45 A previous report showed that when meta-analysis of PORT data was limited to trials which used linear accelerators, PORT was associated with better local control and OS. 17 It should be noted, however, that the trials analyzed by Billiet et al. were underpowered, limiting the conclusions able to be drawn. 46 The association between PORT and better OS seen in this study is not surprising, as the analysis was limited to the recent complete data available in the NCDB and patients treated with cobalt were excluded.
The OS benefit imparted by chemotherapy for resected NSCLC results from reduction in both local and distant failure. 8, 47 Per the ANITA study, adjuvant chemotherapy reduced distant failure from 28 to 25% and local failure from 18 to 12%. In this study, at least 82% of patients received adjuvant chemotherapy and 9% received neoadjuvant chemotherapy, although the chemotherapy sequence would not be expected to affect survival advantage afforded by chemotherapy. 10 The use of PORT allows for further reductions in the rate of local failure, improving survival beyond that afforded by chemotherapy alone. A meta-analysis of concurrent versus sequential chemoradiotherapy in the definitive treatment setting for stage III NSCLC demonstrated that improved local control leads to better OS. 48 Thus, improvements in local control in the resected stage III patient population using PORT would also be likely to improve survival. Although the current analysis lacks local control data (local control is not recorded within the NCDB), it would be expected that the OS benefit seen in this study may be related to reductions in local failure.
The value of PORT for N2 disease is currently being evaluated in a prospective randomized trial in Europe. The Intergroupe Francophone de Cancerologie Thoracique initiated the Lung Adjuvant Radiotherapy Trial (LungART), a phase III randomized trial assessing the benefit of conformal PORT after surgery for patients with completely resected pN2 disease. 49 Patients may receive either neoadjuvant or adjuvant chemotherapy and must be treated using small volume 3D conformal RT. The target volumes specified on this trial involve only the bronchial stump, the ipsilateral hilum, and the involved mediastinal LN stations, plus a small margin. The treated area within the chest is therefore significantly reduced relative to the volumes treated during the earlier days of PORT (Fig. 2) . The trial further specifies a prescription dose of 54 Gy. Both the target volumes and the prescription dose used in LungART are consistent with the current standards of practice. The results of LungART will be informative and will definitively answer the question of the value of PORT for pN2 NSCLC. This analysis does carry some limitations beyond its retrospective design. Although the NCDB does have advantages over other large datasets, including large sample size, consistency of data drawn from across the United States, inclusion of chemotherapy data, and detailed RT information, the NCDB is limited by the potential for miscoding and incremental survival data. Also, although the most modern available cohort from the NCDB was used, some of the patients included in the analysis were treated up to 10 years ago. In addition, follow-up time is somewhat short particularly given that late radiation toxicities can influence survival. The analysis also lacks toxicity, treatment compliance, and quality of life data, which is important information for this group of patients that can be relatively tenous after undergoing surgical resection and adjuvant chemotherapy. Such factors may have influenced long-term survival results. In addition, staging techniques used within this group are not available, which could have also affected survival outcomes. However, contemporary staging procedures such as positron emission tomography-computed tomography and magnetic resonance imaging of the brain were considered standard of care at the time of the study period, so lack of staging information would likely not change the conclusions of this study significantly. This study did analyze radiation dose (less than 50 Gy, 50-60 Gy, and greater than 60 Gy) as a variable for OS in univariate analysis (Table 1) , and it did not seem to be significant. However, more specific radiation details such as dose to normal tissues including lung V20, mean lung dose, and mean heart dose were not available within this data set. Dosimetric data would be valuable; however, this very specific radiation data will likely only be available in the context of randomized trials and is beyond the capabilities of the NCDB.
Caution should be taken when interpreting studies, such as the present one, which are based on retrospective patient cohorts. In this study, for example, the better survival seen in patients treated with PORT suggests a benefit in patients with resected NSCLC. However, patients treated with PORT in this cohort tended to be younger and have lower co-morbidity, which also suggests that selection bias may have affected the results.
Despite these limitations, this analysis provides data supporting the benefit of PORT in OS for patients with pN2 disease. This conclusion is in line with current practice guidelines, which indicate that PORT is an acceptable therapy to be given in addition to chemotherapy for patients with resected pN2 disease. The survival benefit of PORT appears to be additive in this retrospective population when given along with chemotherapy and shows no dependence upon number of involved LN. Though caution should be taken when interpreting studies based on retrospective cohorts, evidence of the value of PORT in the adjuvant treatment paradigm in patients with pN2 NSCLC continues to build. The results of the pending LungART randomized trial should provide a more definitive answer to this persistent clinical question.
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The data used in the study are derived from a de-identified NCDB file. The NCDB is a joint project of the Commission on Cancer of the American College of Surgeons and the American Cancer Society. The American College of Surgeons and the Commission on Cancer have not verified and are FIGURE 2. Representative "Beam's Eye View" from a single anterior-posterior field from a modern course of postoperative radiotherapy (A) and out-of-date postoperative radiotherapy (B) for a patient with a completely resected right upper lobe tumor found to have involved N2 nodes. The borders for the field on the right (B) were derived from the specifications of the Medical Research Council (MRC) Lung Cancer Working Party randomized trial of postoperative radiotherapy, a trial included in the PORT meta-analysis. The MRC study mandated coverage of the entire mediastinum, bilateral hila, bronchial stump, and, in the case of an upper lobe tumor, the bilateral supraclavicular fossae. These field specifications resulted in significantly higher volumes of normal heart and lung in the treatment field than what is currently acceptable. In addition, with older radiotherapy equipment (such as Cobalt-60 units), less penetrating, lower energy beams were used, which resulted in higher superficial dose relative to the dose at the desired target depth. This created significant dose inhomogeneity with the highest dose level deposited in uninvolved lung, chest wall, and heart. Contoured normal structures seen in this figure are the lungs (purple), the heart (pink), and the esophagus (orange).
